The aims of the study were to: 1) determine if a plasma oxypurinol concentration-response relationship or an allopurinol doseresponse relationship best predicts the dose requirements of allopurinol in the treatment of gout; and 2) to construct a nomogram for calculating the optimum maintenance dose of allopurinol to achieve target serum urate (SU) concentrations.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Allopurinol is first-line treatment for gout; its urate-lowering effect is due to its active metabolite, oxypurinol.
• Allopurinol should be initiated at a low dose, based on renal function, and then slowly titrated upwards until a target serum urate concentration is achieved.
• The maintenance dose of allopurinol may be dependent on the pretreatment serum urate concentrations; however, there has yet to be any consideration of the influence of plasma oxypurinol concentrations.
WHAT THIS STUDY ADDS
• The predicted serum urate concentrations derived from the plasma oxypurinol concentration-and allopurinol doseresponse relationships were similar.
• Overall, renal function and concomitant diuretic use did not influence the urate-lowering effect of oxypurinol and allopurinol from baseline values.
• A simple nomogram has been constructed that can be used to estimate the final maintenance dose of allopurinol needed to achieve a target serum urate concentration in an individual patient requiring only the patient's pretreatment serum urate concentration.
Introduction
Allopurinol is the first-line treatment for gout. It is metabolised by aldehyde oxidase to oxypurinol, which is an inhibitor of xanthine oxidoreductase (XOR), thereby decreasing the synthesis of uric acid (urate at physiological pH) [3] . Gout is strongly associated with increasing serum urate (SU) concentrations above 0.42 mmol l -1 (~7 mg dl -1 ) [4, 5] . The recommended SU target is <0.36 mmol l -1
(~6 mg dl -1 ; European League Against Rheumatism [6] ;
American College of Rheumatology [7] ; 3e initiative [8] ) for recurrent gout attacks and SU < 0.30 mmol l -1 for chronic tophaceous gout [7, 8] .
A low dosage (50-100 mg) of allopurinol is recommended on initiation of therapy and this starting dose should be based on renal function [7, 8] . This guidance is based on a putative reduction in the risk of hypersensitivity to allopurinol when the starting dose is low and proportional to the creatinine clearance (CL CR ) [9] . However, guidance on how to predict the maintenance dose of allopurinol is less certain, particularly in patients with renal impairment. Following the observation of cutaneous adverse effects of allopurinol in patients, particularly in patients with renal impairment, Hande et al. [10] suggested a dosage regimen with a reduced dosage at lower creatinine clearances. However, this dosage regimen substantially reduces attainment of target SU concentrations and, more recently, it has been recommended that the daily dose of allopurinol should be titrated upwards until the chosen target SU concentration is achieved irrespective of renal function [11, 12] .
We have previously published a dose-response model for allopurinol indicating that the maintenance dose required to achieve target SU concentrations is dependent on the pretreatment urate concentration (U P ) [13] . Our model revealed that there is a limit to the reduction of SU, indicating an apparent 'resistance' to allopurinol-mediated inhibition of XOR (U R ). Increasing the dose of allopurinol will not achieve concentrations of SU lower than this asymptotic level. This is perhaps due to the reduced binding of oxypurinol on glycosaminoglycan-bound XOR [14] . Surprisingly, renal function (measured by CL CR ) was not a significant covariate in our model. Also of note was the unexpected finding that diuretics do not significantly affect the dose-response relationship despite the known urateraising effects of diuretics [15, 16] . These discrepancies may be due to the small number of patients with renal impairment and/or concomitant diuretics use in the cohort of patients used to construct the model. Furthermore, our former study did not include plasma oxypurinol concentrations that may improve the ability of the model to relate allopurinol maintenance dose to serum urate concentrations.
The aim of this study was to determine if a plasma oxypurinol concentration-response relationship or an allopurinol dose-response relationship better predicts the maintenance dose requirements of allopurinol in the treatment of gout. In order to undertake this comparison and extend our previous work, we have obtained data with a greater proportion of subjects with reduced renal function and concomitant diuretic use and included data on plasma concentrations of oxypurinol for a subset of these patients. An additional aim was to construct a nomogram to facilitate selection of an effective maintenance dose of allopurinol to achieve target SU for an individual patient.
Methods

Patients and study design
The data for the present study were sourced from four cohorts of patients with gout. All patients gave consent in accordance with the Declaration of Helsinki. All studies were approved by local ethics committees (St Vincent's Hospital Research Ethics Committee, New Zealand Upper South A Regional Ethics Committee, New Zealand Health and Disabilities Ethics Committee and the University of Otago Ethics Committee). The groups of patients were: a) Forty-six patients (111 blood samples) from an observational dose-escalation study conducted in Sydney, Australia, in which patients had their dosage of allopurinol titrated after being on a fixed dose level for 14-31 days [13] . b) Eight patients (20 blood samples) from a randomised controlled trial conducted in Christchurch, New Zealand comparing the effects of vitamin C and allopurinol on serum urate concentrations [17] . c) Eight patients (29 blood samples) from an unpublished observational dose-escalation study conducted in Christchurch, New Zealand where the dose of allopurinol was titrated until the target SU concentration of <0.36 mmol l -1 was achieved.
d) Nineteen patients (45 blood samples) from a study that examined the urate-lowering response upon initiation of allopurinol therapy conducted in Christchurch, New Zealand [18, 19] .
In total, data (pretreatment and during allopurinol treatment) were available for 81 patients (205 samples). Patients were on a stable dose of allopurinol for at least 1 month prior to blood collections. Blood was collected prior to each dose titration of allopurinol.
Analysis of plasma and serum
For the study conducted in Australia, SU concentrations were determined using standard methodologies on the Roche/Hitachi Modular P Analyser Platform, Roche Diagnostics, Australia (Douglass Hanly Moir Pathology Laboratories and SydPath, St Vincent's Hospital, Sydney). The SU concentrations from the New Zealand studies were measured using a modified Trinder method by Canterbury Health Laboratories, Christchurch, New Zealand [20] .
Plasma oxypurinol concentrations for all studies were determined by a high-performance liquid chromatography assay described by Stocker et al. [21] (Australian study) and Stamp et al. [22] (New Zealand studies). The intra-and interday variation for both assays were <10.1% and the lower limit of quantification was 2 mg l -1 (13.1 μmol l -1 ) [21] and 0.1 mg l -1 (0.7 μmol l -1 ) [22] . Interlaboratory blinded analyses of six plasma oxypurinol samples in Australia and New Zealand were very similar, with differences ranging from 1.5 to 7.3%.
Mean plasma concentrations of oxypurinol over a dosage interval
To determine the mean steady-state plasma oxypurinol concentrations in each individual patient at each dosage rate, the pharmacokinetic parameter estimates from a published population pharmacokinetic model were put into a Bayesian forecasting program, TCIWorks version 1.0 [20, 23] . Demographics (age, sex, height and weight), allopurinol dosage history and plasma oxypurinol concentrations (including the time of blood sampling) for each patient were entered into TCIWorks, from which an individualised oxypurinol clearance (CL OXY ) was predicted by the program. Mean steady state oxypurinol concentrations (C) over a dosage interval were then estimated using Equation (1):
where CL OXY , is the individualised clearance of oxypurinol (l h -1 ); D, the dose of allopurinol (mg day -1 ); C, the mean steady-state oxypurinol concentration (mg l -1 ). This technique allows the estimation of the mean plasma concentration of oxypurinol at any known time. As CL OXY was predicted through Bayesian forecasting methods, the time of collection does not have to be prespecified.
CL CR
CL CR was used as the estimate of the glomerular filtration rate for each patient, and was calculated using the Cockcroft and Gault formula [24] and using fat-free mass as a body size descriptor [25] .
Nonlinear modelling
Through nonlinear regression, we used our previously published, modified, maximum-inhibition model [13] to examine the relationships between oxypurinol concentration and allopurinol dose with pretreatment SU concentrations (U P ) and SU concentrations achieved during treatment with allopurinol, U T (Equations (2) and (3), respectively).
Equation (2) is the oxypurinol concentration-response relationship. C is the mean steady state plasma oxypurinol concentration in each patient (mg l -1 ); IC 50 , concentration of oxypurinol that has reduced the inhibitable urate concentration (U P -U R ) by 50% (mg l -1 ); U R , resistant serum urate concentration (mmol l -1 ). U T and U P were clinical measures obtained from each patient. U R and IC 50 are mean optimal parameters estimated for the whole group of patients.
Equation (3) is the allopurinol dose-response relationship. D is the daily dose of allopurinol (mg day À1 ) which inhibits the inhibitable urate by 50% (mg day À1 ). Other parameters are described above.
Effect of U R on the response to allopurinol: U R is a term to describe an apparent SU concentration that exists during maximal inhibition of XOR with allopurinol. To test if the U R is a significant term for the concentration-response relationship and in the dose-response relationship, the fits to Equations (2) and (3) were compared with and without the U R term (i.e. U R = 0), respectively.
Effect of CL CR on the response to allopurinol: To examine whether renal function influenced the plasma oxypurinol concentration-and allopurinol dose-response relationships, respectively, an additive CL CR covariate (k* CL CR ) was tested, where k was an estimated linear correction variable (Equations (4) and (5)). Other parameters are described above.
In addition to incorporating CL CR as a covariate in the modelling procedure, U T values were compared in two groups of patients; those with CL CR < 60 ml min -1 and those with CL CR > 60 ml min -1 .
Effect of concomitant diuretics on the response to allopurinol: To examine whether concomitant diuretics (thiazide and furosemide) influenced the SU lowering effect of allopurinol, a fractional effect variable (+ d*DIU, where d is an estimated constant, DIU = 0 for patients not taking a diuretic and 1 for patients taking a diuretic) was added to the dose-and concentration-response equations (Equations (6) and (7)). From this analysis, the mean estimates and 95% CIs for U R and ID 50 were examined for significant changes.
where d is a covariate constant for fractional effect of diuretic; DIU is a binary variable for concomitant diuretic use. Other parameters are described above. The optimal oxypurinol concentration-and allopurinol dose-response relationships were compared to determine any differences in their SU predictions.
Nomogram construction
The optimal oxypurinol concentration-and allopurinol doseresponse relationships were compared to determine any differences in their SU predictions. From this comparison, the most suitable model was used to construct a nomogram. The dose of allopurinol predicted to reach target serum urate concentrations was calculated through a rearrangement of the concentration-or dose-response relationship.
Statistical analysis
The regression parameter estimates (ID 50 , U R , k, d) describing the relationships between U T , U P , C and D and the objective function value (also known as the residual sum of squares, RSS) were obtained using R version 3.2.3 [26] . The correlation coefficients (r) between the parameter estimates were also determined using R version 3.2.3. The r 2 (coefficient of determination) was calculated based on its definition: r 2 = 1 -(RSS/TSS), where RSS is the residual sum of squares and TSS is the total sum of squares. Statistical differences between regressions, baseline urate concentrations and predicted serum urate concentrations were determined by F-tests using the objective function values, unpaired and paired t-tests, respectively. Also, a nonparametric bootstrap analysis with 1000 replicates was conducted using R version 3.2.3 in order to determine the robustness of the model. All analyses were conducted on pooled data (i.e. from all doses in all patients).
Results
Patient demographics
Baseline demographics for cohorts from Australia, New Zealand and combined are detailed in Table 1 . The most common daily doses were 100, 200 and 300 mg allopurinol ( Figure 1) . Nine of these patients were maintained on one dose rate, and the remaining patients were studied at two (n = 30), three (n = 33), four (n = 6) and five (n = 3) different doses with blood samples taken at each dose rate. Oxypurinol concentrations were measured in 47 patients (98 blood samples).
The mean (± standard deviation) plasma oxypurinol concentration was 10.8 (± 7.4) mg l -1 and plasma oxypurinol concentrations ranged from 2. In patients taking diuretics, the mean U P was significantly higher than in patients not taking diuretics (Table 2) . U P values were lower in patients with low renal function (< 60 ml min -1 ) than in patients with higher renal function (> 60 ml min -1 ). There was a clear correlation between C oxy and CL CR ( Figure 2A ) but a much weaker correlation between U P and CL CR ( Figure 2B ).
Oxypurinol concentration-response modelling
In the patients for whom plasma oxypurinol concentrations were measured (n = 47 patients, 98 data points), the plasma oxypurinol concentration-response relationships with SU were analysed.
Effect of U R :
The concentration-response models had a significantly improved fit when the (U R ) concentration term was estimated by equation (2) . This was in contrast to the fit without the term (i.e. fixing U R = 0; Table 3 ). For equation (2) (including U R, r 2 = 0.64), the mean IC 50 was 11.3 mg and the U R was 0.17 mmol l -1 . There was a good correlation between the observed and the predicted concentrations of urate during treatment with allopurinol for the concentration-response relationship (slope = 1.01, Figure 3A ) Subsequent modelling of the plasma oxypurinol concentration-response relationship included the U R term.
Effect of CL CR : Incorporating CL CR (Equation (4)) did not improve the fit of the oxypurinol concentration-response model ( Table 3 ). The estimated linear correction variable, k, was not significantly different from 0 (Table 3) . Visually, the agreement between the observed and the predicted concentrations of urate during treatment with allopurinol was unchanged when CL CR was included as a covariate ( Figure 3B vs. Figure 3A) . The increase in the coefficient of determination was also very small (r 2 = 0.65 vs. 0.64).
Furthermore, the fit to equation (3) in patients with CL CR > 60 ml min -1 vs. CL CR ≤ 60 ml min -1 , and the IC 50
and U R values in both groups were similar (Supplementary Table S1 ).
Effect of concomitant diuretic use: The addition of concomitant diuretic use as a covariate in the concentrationresponse relationship (Equation (6)) did not improve the fit (Table 3) . The estimated fractional effect constant (d) of taking a diuretic was 0.01 (95% CI: -0.01 to 0.04). The correlation between the observed and the predicted concentrations of urate during treatment with allopurinol was similar when concomitant diuretic use was and was not 
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Diuretics, n (%) 10 (22) 12 (34) 22 (27) Figure 1 Distribution of allopurinol dosage in gout patients. A total of 205 dosage regimens were studied in 81 patients. The doses were increased in most patients Table 2 Effect of diuretics and creatinine clearance (CL CR ) on baseline SU. Statistical significance determined by unpaired t-test Optimising allopurinol dosage included as a covariate in the plasma concentration-response relationship (r 2 = 0.65, Figure 3C ).
Therefore, the final oxypurinol concentration-response relationship included the U R term but did not include CL CR or concomitant diuretic use as covariates.
Allopurinol dose-response modelling
To allow for appropriate comparison of the predicted serum urate concentration obtained with the oxypurinol concentrationresponse relationship and the allopurinol dose-response relationship, the model building process was conducted using the same 50 , the concentration of oxypurinol that has reduced the inhibitable urate concentration (U P -U R ) by 50%; ID 50 , the dose of allopurinol that has reduced the inhibitable urate concentration (U P -U R ) by 50%; k, covariate constant for CL CR ; OFV, objective function value; r, correlation coefficient; r 2 , coefficient of determination; U P , pretreatment serum urate concentration; U R , 'resistant' serum urate concentration. a covariate constants depending on whether CL CR (k) or DIU (d) were entered as covariates. b P-value compared to fit to Equation (2) where U R = 0. c P-value compared to fit to Equation (2). d P-value compared the fit to Equation (3) where U R = 0. e p-value compared the fit to Equation (3).
cohort of patients (n = 47 patients; i.e. the subset of patients with plasma oxypurinol concentrations measured).
Effect of U R :
The allopurinol dose-response relationship yielded a significantly improved fit to Equation (3) when U R was estimated as opposed to being fixed to 0, i.e. U R = 0 (Table 3) . In this dose-response relationship, the mean ID 50 was 117 mg day -1 . The observed vs. predicted U T for equation (3) fitted well (r 2 = 0.60, slope = 0.94, Figure 3D ).
Effect of CL CR :
Incorporating clearance (k*CL CR ) into the relationship improved the fit of the allopurinol doseresponse equation (Equation (5) vs. Equation (3), Table 3 ). Visually, the fit to Equations (5) and (3) were very similar ( Figure D,E) . The linearity of the observed vs. predicted U T slope remained unchanged and the r 2 improved to 0.62 from 0.60 when CL CR was entered as a covariate ( Figure 3E ). The similarity of the fits to Equations (5) and (3) was examined quantitatively by comparing the predicted values of U T for the fits to these equations. In this case, the predicted mean difference (95% CI) in the U T values was 0.0015 mmol l -1 (-0.0009 to 0.003) and was not statistically significant (P = 0.23, paired t test).
There were no significant differences in the ID 50 and U R when Equation (3) was tested in patients with CL CR ≤ 60 ml min -1 vs. CL CR > 60 ml min -1 (Supplementary Table S1 ).
Effect of concomitant diuretic use: Concomitant diuretic use as a covariate did not significantly improve the dose-response relationship ( Table 3 ). The fractional effect constant (95% CI) for diuretics was -0.01 (-0.03 to 0.02; Table 3 ). Visually, there was no difference in the regressions between the observed and predicted U T during treatment with allopurinol when concomitant diuretic use was and was not included as a covariate (r 2 = 0.60, Figure 3F vs. Figure 3D) .
Therefore, the final allopurinol dose-response model including only U R was used in subsequent analyses.
Comparison of the oxypurinol concentrationand allopurinol dose-response relationships
The observed vs. the model-predicted U T in the final concentration-and dose-response relationships (Equations (2) and (3)) were compared against each other ( Figure 3A,D) . The slopes for both the plasma oxypurinol concentrationand allopurinol dose-response relationships were not significantly different to 1, indicating near unity between the observed and predicted concentrations of SU. Furthermore, 
Dose-response model in all patients
As the allopurinol dose-response model was shown to be the most suitable in describing the urate-lowering ability of allopurinol, the relationship was re-examined, with the addition of data from patients without plasma oxypurinol concentrations measured. The total number of patients was n = 81 with 205 measurements of SU.
Effect of U R :
The U R component significantly improved the fit to the model (Equation (3)) compared to when U R was set to 0 ( Table S2 ). There was very close agreement between the U T concentrations predicted by Equation (4) and the U P serum concentrations of urate (slope = 0.99, Figure 4A ). Similar results were found in Australian and New Zealand cohorts ( Figure 4B ,C).
Effect of CL CR :
Adding CL CR as a covariate to the allopurinol dose-response equation (Equation (5) vs. Equation (3)) improved the fit significantly (P = 1.45 × 10 -5 , Table 4 ).
However, there was no significant difference between U T predicted from Equations (5) and (3) (mean difference, 95% CI: 0.002, -0.0004 to 0.0004, P = 0.11, Figure 4D vs. Figure 4A ). There were also no significant differences in the ID 50 and U R values estimated using the dose-response relationship (Equation (3)) in patients with CL CR ≤ 60 ml min -1 relative to those with CL CR > 60 ml min -1 (Table 4) .
Effect of diuretics:
The addition of diuretic as a covariate alone (+d*DIU) in Equation (3) (i.e. Equation 7) improved the fit to the model (P = 0.01). As in previous estimates of the influence of covariates, the visual comparisons showed no contrasts ( Figure 4E vs. Figure 4A ). There were no significant differences between U T predicted from Equations (7) and (3) for all data (mean difference, 95% CI: 8.34 × 10 -5 , -0.001 to 0.001). When the paired t-test was repeated in the subset of samples where diuretics were present, the mean difference (95% CI) was again very small [0.01 mmol l -1 , (0.01-to 0.02)] but on this occasion significant (P < 2.2 × 10 -16 ).
Allopurinol dose individualization
A bootstrap analysis conducted for the allopurinol doseresponse model (Equation (3)) indicated a robust fit; no differences were observed between the mean and median U R or ID 50 values derived from the model and the bootstrap, respectively (Supplementary Table S3 ). Thus, the final estimates of U R (0.25 mmol l -1 ) and ID 50 (150 mg) were carried forward for construction of the nomogram. The dose of allopurinol predicted to reach target serum urate concentrations was calculated through a rearrangement of the dose-response relationship. The equation becomes:
in which the values U R and ID 50 were calculated as the best fit mean parameters from the analysis of all dose-response data. Table 4 Best fit parameters for the allopurinol dose-response relationship with all serum urate concentrations in gout patients (n = 81) ID 50 , the dose of allopurinol that has reduced the inhibitable urate concentration (U P -U R ) by 50%; k, covariate constant for CL CR ; OFV, objective function value; r 2 , coefficient of determination; U P , pretreatment serum urate concentration; U R , 'resistant' serum urate concentration. a Covariate constants depending on whether CL CR (k) or DIU (d) were entered as covariates. b P-value compared the fit to when U R set to 0. c P-value compared the fit to Equation (3). d n = 37 subjects; e n = 44 patients.
We constructed a nomogram to describe the relationship between U P and the daily dose of allopurinol to achieve a specific U T with allopurinol. In Equation (8) , the U T was set to the target serum urate concentrations of 0.36 or 0.30 mmol l -1 . The maintenance dose required to reach the target U T for a particular U P can be read off the y-axis ( Figure 5 ).
Discussion
This study has shown that our allopurinol dose-response relationship predicts serum urate concentrations just as well as an oxypurinol concentration-response relationship. This indicates that measuring plasma oxypurinol concentrations is not needed to determine the appropriate dose of allopurinol. Additionally, this study has confirmed our previous findings, that the dose of allopurinol required to achieve a target SU is strongly dependent on the pretreatment concentration of SU. The nomogram developed can be used to estimate the appropriate maintenance dose of allopurinol required to reach the chosen therapeutic target SU concentration based on an individual's pretreatment SU concentrations.
By increasing the number of individuals with renal impairment (n = 37) and those taking diuretics (n = 21) in the present study that contrasts with our previous publication (n = 17 and 10, respectively) [13] , we have increased confidence regarding the lack of influence of renal function and concomitant diuretics in the dose-response relationship of allopurinol.
Our results indicate that renal function and concomitant diuretic medication have no meaningful influence on the plasma oxypurinol concentration-and allopurinol doseresponse relationships with SU concentrations. It should be noted that diuretics and decreasing CL CR both increase U P values. However, our analysis indicates that, once the U P is established, diuretic use and CL CR have little further influence on the response to allopurinol.
The kidney is responsible for the clearance of both oxypurinol and the majority of urate produced in the body. Hence, reduced CL CR is expected to impair the renal clearance of both oxypurinol and urate. Consequently, increased Optimising allopurinol dosage inhibition of urate production resulting from the increased plasma oxypurinol concentration largely negates the influence of concomitant decreased renal clearance of urate.
As was the case with reduced renal function, we found that concomitant use of diuretics did not significantly alter the concentration-response to oxypurinol or dose-response relationship to allopurinol. Diuretics decrease not only the renal transport of urate (via inhibition of proximal tubule transporters [27] [28] [29] [30] ) but also the clearance of oxypurinol [19, 20, 31, 32] . Similar to the effect of renal impairment on urate and oxypurinol clearance, the reductions in oxypurinol clearance results in higher plasma concentrations, which negates the decrease in urate clearance. Thus, the maintenance dose of allopurinol in gout patients with diuretics needs to be determined by their pretreatment serum urate concentration.
To our knowledge, our nomogram is the first for guiding maintenance allopurinol dosage. Our approach is to predict the maintenance dosage of allopurinol from a measurement of SU namely U p . By comparison, other dose-guiding tools have been tables of doses of allopurinol based upon CL CR and the use of diuretics with no measurement of U P [10, 13, 19] . We aim to conduct further work to compare the usefulness of the two approaches.
The nomogram indicates that the higher the U P , the higher the dose of allopurinol required to achieve a target urate. Informing the patient of the treatment goals (target urate concentration and predicted dose to achieve target) may improve adherence and, thus, improve treatment outcomes [33] . Knowing the optimal maintenance dose beforehand may prompt the clinician to be proactive about dose escalation.
Lowering SU may have additional benefits in reducing the risks related to cardiovascular disease including reducing allcause mortality [34, 35] . Consequently, adjustment of dosage of allopurinol to levels that should prevent gout may improve overall health particularly in patients with cardiovascular disease.
It is important to note that the additional NZ data increased our estimate of U R from 0.20 to 0.26 mmol l -1 , due to the higher concentrations of SU observed during treatment with allopurinol, U T in the New Zealand cohort. The U R is a mean value and individuals may have lower or higher U R concentrations. The lower the individual U R , the lower the dose required to reach target SU. Conversely, the higher the U R , the larger the dose of allopurinol required to reach target SU as this concentration gets closer to the asymptotic U R level. In the extreme case where U R could exceed the target urate concentration, then allopurinol cannot be used, at least alone, to achieve target. There are some limitations to the present study. Firstly, the analyses were on pooled data. An individual could be represented several times in the regression analyses due to having SU measurements at different dosage rates. A second limitation is that the nomogram may overestimate the predicted allopurinol maintenance dose required to reach a SU ≤ 0.30 mmol l -1 as the estimated mean U R (0.25 mmol l -1 )
is quite close to this target. As the proportion of patients reaching a SU < 0.30 mmol l -1 was relatively small (23%), a greater number of patients reaching this serum urate concentration target, indicative of intensive therapy, is required to enable a more accurate prediction of the required maintenance dose of allopurinol in these patients. Variable adherence to allopurinol therapy is a third limitation of the study. Although variable adherence is a likely problem in gout patients taking allopurinol [36] , oxypurinol was detected in all available plasma samples. However, adherence could not be determined in the 34 patients in whom plasma concentrations were not assayed but participation of all patients in clinical research studies is likely to enhance adherence.
Finally, the nomogram may be less accurate at allopurinol doses >700 mg day -1 as this exceeds the highest dose studied.
While prescribers should increase the dose of allopurinol until target urate concentrations are achieved, if a predicted dose is >700 mg day -1 , it may indicate that a combination of urate lowering therapies (e.g. combination with a uricosuric) could be considered to achieve target serum urate concentrations. In summary, there were no significant differences between the allopurinol dose-and oxypurinol concentrationresponse relationship with serum urate concentration with respect to the accuracy of prediction of the allopurinol dose required to achieve target urate concentrations. Further, the dose-response relationship is more practical, as there is no need to measure plasma oxypurinol concentrations. The renal function and concomitant diuretics did not influence the maintenance dose required to achieve target urate concentrations. We have constructed a nomogram that can be used as a guide to predict a suitable maintenance dose of allopurinol to achieve target urate concentrations in patients with gout. However, a prospective study is required to validate the nomogram for routine clinical use in predicting the final maintenance dosage of allopurinol in patients with gout, especially in those with reduced renal function or taking diuretics.
Figure 5
Nomogram describing the relationship between pretreatment serum urate concentration (U P ) and the maintenance dose (D) required to achieve a target serum urate concentration (U T ) of 0.36 mmol l 
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